The study of biomechanics of isolated cardiomyocytes can allow us to understand the cardiac function and disease development in the absence of viscoelastic or contractile properties of the surrounding tissue. However, popular techniques such as micropipettes and carbon fibre-based measurements require serial, single-cell measurements and limit the amount of data passing through a system or process. The authors utilise elastomer micropost arrays microfabricated by a replica molding technique for precise and quantitative force measurements of cardiomyocytes with the potential for high throughput. The authors also present a calibration system using a piezoresistive force sensor and video-analysis technique to improve the resolution and validate the analysis of these low-force measurements. Calibrated microposts arrays are applied to measure the contractile forces of rat neonatal cardiomyocytes. Using image processing, the contractile forces for a sample of cardiomyocytes are extracted. It was found that isolated rat neonatal myocytes generate 39 + 5 nN average contractile force per post and an integrated axial contractile force of 189 + 20 nN, which is four times smaller than isolated adult Wistar rat cardiomyocytes and 30 times smaller than isolated adult rat cardiomyocytes. With calibration and quantitative image analysis, this study demonstrates that micropost systems can provide precise high-throughput test beds for myocyte mechanics using pharmacologic, small peptide, gene therapies or heart disease models.
1. Introduction: Cardiac output is closely related to the contraction performance of cardiomyocytes (CMs), which are the most heavily working muscle cells in the living body. Isolated CMs are free from connective tissue and vascular endothelium. Studies of isolated cells enable us to study CM contribution to cardiac function alone without significant effects from the viscoelastic or contractile properties of surrounding tissue [1] . Quantitative studies of the biomechanics of isolated CMs will advance our understanding of cardiac function and the therapeutic interventions to treat heart failure.
In recent decades, there have been several techniques developed to measure biomechanical properties from isolated individual CMs. For example, two micropipettes integrated with a force transducer system have been used with mammalian CMs glued to the tips to measure active contraction force [2, 3] and passive tension force [4] . In this technique, special adhesives for cell attachment are required and result in a low success rate of attachment. Another carbon fibrebased technique [1, [5] [6] [7] does not require adhesives and promotes simpler cell handling. The attachment is likely owing to electrostatic forces between the carbon fibre surface and the CM surface and perpendicular attachment of the carbon fibres to cell membrane, which has been demonstrated using a slight contact between the fibres and the cell surfaces [5] . Commercial capacitive force transducers [8] , custom-built transducers [9, 10] and magnetic beads [11] also have been used to measure individual CM forces. Contractile forces in the range of 0.7-10 mN were reported from these various techniques. However, a complex manipulation system to attach CMs on two rods is required in all of these techniques. The experiments are time-consuming and not amenable to quantitative measurements in a high throughput manner as the uncertainties are not repeatable from measurement to measurement.
We seek to make repeatable measurements of CM mechanics with quantifiable uncertainty and here we demonstrate calibration techniques and measurements of CMs on poly(dimethylsiloxane) (PDMS) micropost arrays microfabricated by a replica molding. Tan et al. [12] first demonstrated micropost arrays to measure the lysophosphatidic acid-induced contractility of smooth muscle cells. Many researchers subsequently adapted this technique for cell traction force measurements. For example, micropost arrays are used to quantitatively measure the traction force of epithelial cell migration [13] , fibroblasts [14] and primary human vascular endothelial cells [15] . These studies demonstrated that the micropost technique can provide a map of forces generated by CMs at their adhesions to the posts, and results are typically reported as force per post. CM micropost data are also available for adult CMs for comparison to two-point techniques. For example, Zheng et al. observed average contractile forces of 46.9 nN per post for rat adult CMs beating on a micropost array [16, 17] . Sparsely arrayed microposts were also used to measure the contractile force (140 nN in the relaxed and 400 nN in the contracted state) of rat neonatal CMs attached on the side walls of microposts [18] . Notably, the total contraction force in these reports must be assumed to integrate to zero but the forces are not uniformly distributed under the cell. Thus, to compare our results to prior two-point axial measurements of CMs, we integrate the force vectors and determine the centroid of contraction as the location where axial forces sum to zero.
Beam bending theory may be used to estimate the stiffness of the microposts. However, the PDMS modulus and thus stiffness vary with fabrication conditions such as curing ratio, time and temperature [19, 20] . Further, microfabricated posts dimensions and straightness can vary. Thus, a physical calibration by applying known loads can increase the precision and accuracy of each array. Micropipettes [12] , AFM cantilevers [15, 20] and scales [18] have been used previously to calibrate microposts. In this work, we applied a piezoresistive force sensor calibration system and video-analysis techniques to quantify more thoroughly the variability and uncertainty of the micropost technique and to streamline the analysis over existing methods. We demonstrate this platform for measurement of force generation in rat neonate CMs. Force-sensing platforms such as micropost arrays provide a better understanding of how cardiac function can be rescued at the cellular level and can enable high throughput testbeds for new therapies.
Materials and methods:
Briefly, the stiffness of 5 mm diameter microposts is varied with post length (10 -12 mm) in 10:1 PDMS curing ratio; we then calibrate each array using a piezoresistive force sensor and compare the uncertainty from these measurements to the accuracy of as-designed posts. We analysed micropost deformations under spontaneously beating rat neonatal CMs using custom video analysis code and extracted contractile forces across a sampling of CMs.
Micropost arrays:
We design arrays of microposts to provide a dense packed substrate on which CMs will sediment and adhere through focal adhesions; we used diameters of 5 mm with pitch of 10 mm. Deflections of the flexible microposts indicate displacement of CMs during contraction. The microposts are fabricated based on soft lithography of the elastomer PDMS (Sylgard 184, Dow Corning) and calibrated one day before the cell experiments. PDMS has several properties that make it well suited for protein patterning and cell culture, including biocompatibility, gas permittivity, optical transparency, ease of fabrication and ability to tune mechanical properties [21] . As shown in Fig. 1 , the micropost arrays are fabricated using soft lithography techniques: (a) spin 10 or 12 mm of a negative photoresist (SU-8 3010, Microchem) onto a clean wafer; (b) with a chrome mask and UV mask aligner, expose pattern in photoresist and remove unexposed photoresist by developing; (c) to prevent the SU-8 mold from bonding to PDMS, silanise the mold in a petri dish containing several droplets of chlorotrimethylsilane (Sigma) in a vacuum chamber for 1 h; (d) mix (Thinky Mixer, Japan) and pour 10:1 PDMS onto the mold and degas them in a vacuum chamber to remove trapped air bubbles, then cure PDMS at 658C in an oven for 4 h. Fig. 2 , the microposts are calibrated by a piezoresistive force cantilever which was developed and calibrated as reported in [22 -24] . The calibration system integrated with the cantilever is built on an inverted microscope (Leica DM IRB, Germany). The resonance frequency (v 0 ) of the cantilever was measured by a laser Doppler vibrometer (Polytec OFV3001) as described previously [25] . The stiffness (K c ) was calculated from the measured resonance frequency as
Calibration of microposts stiffness: As shown in
where r is the density of silicon, l, w and t are length, width and thickness of cantilever, and v 0 is the resonance frequency. The sensitivity of the system was determined by pushing the cantilever against a glass slide (glass is 10 4 times stiffer than PDMS) and measuring the displacement sensitivity. The displacement sensitivity was taken as the average slope from a linear regression of three forcedisplacement curves. The voltage outputs from the force sensor cantilever were collected by Labview data acquisition program at 50 Hz. Micro-linear actuators (T-NA series, Zaber Technology Inc., Canada) with 0.024 mm microstep resolution are used to manipulate the force sensor in x, y and z axes. The actuator moves the cantilever with 0.9 mm/s speed during the calibration process. Pushing microposts with a piezoresistive cantilever yields linear voltage -displacement curves and slope is easily extracted (Fig. 3) . Each slope measurement takes approximately 1 min/micropost. The micropost and a piezoresistive cantilever are modelled as springs in series and we calculate total stiffness (K t ) from voltage-displacement measurement and the force sensitivity of the calibration system. Finally, the stiffness of microposts (K p ) is computed from:
Uncertainty is analysed from a root mean sum of squares analysis of K p (2) as described in [26] . ANSYS finite-element analysis (FEA) is used to estimate the Young's modulus of the micropost arrays with SOLID187, 3-D 10-node tetrahedral element for hyperelastic materials. The Poisson's ratio is assumed 0.49 as a nearly incompressible material and density is 9.2 × 10 2 kg/m 3 , respectively [27] .
2.3. Rat neonatal CMs: Fibronectin (1 mg/mL, Sigma) is coated on a surface-oxidised micropost array and used as an extra cellular (Fig. 1) . We dilute 500 mL of 50 mg/mL fibronectin in PBS and coat each microarray in a 24 well plates, then incubate the plates at 378C for 1 h. After ECM coating, 10 5 cells/mL rat neonatal CMs (Lonza) are seeded onto the micropost array and cultured up to 7 days. Cell media is prepared by adding 25 mL fetal bovine serum (FBS), 25 mL horse serum and 1 mL GA-1000 (Gentamicin, Amphotericin-B) to 200 mL rat cardiac myocyte basal medium (Lonza). The CMs remain incubated at 378C with 5% CO 2 and start to beat spontaneously the next day. We remove 80% of the media 4 h after seeding the CMs, and replenish it with fresh, pre-warmed medium containing 200 mM 5-bromo-2 ′ -deoxyuridine (BrdU, Lonza). Every 3 days, we similarly replace 50% of the media. A two-dimensional cross-correlation function is used to compare each post against a representative template for post shape and location. In the first frame of video, the expected grid of the post array is recognised by using Hough transformation to find the centre of each post. The image corresponding to the relaxed state of the cell serves as the reference for the measurement of the deformation with cell contraction. This procedure compensates for subtle movements of the stage. The resulting displacement vectors obtained by subtracting reference grid from each frame grid are used for further cell force analyses.
Traction force microscopy of the force post arrays generate vector maps that provide information about the distribution and magnitude of forces applied across a substrate. However, interpreting these force maps can be challenging, particularly when studying cells like CMs that experience axial contractile in vivo. Owing to the axial nature of adult CM contractions, most data for comparison to our study have been gathered with two-point methods. Therefore we have devised a provisional method of summing vector map forces to approximate axial contractile forces for CMs on force posts. The principal axis of contraction is first determined by using the force dipolar tensor [28] . The eigenvectors of the force dipolar tensor after diagonalisation correspond to the major and minor axis with the maximised and minimised force dipoles as eigenvalues. Next, since the cell is assumed to be in equilibrium, we can assume the net cell applied force to be zero. We divide the cell into two halves along the principle axis. The centre of the vector map was determined by averaging the coordinate of every moving post. From here, we project our force vectors along the principal axis and sum each of the force vectors.
3. Results and discussion: As shown in Fig. 1b , the SEM picture of a fabricated micropost array shows the microposts were well formed and trapped air was successfully removed in the vacuum chamber. While it is possible to calculate micropost stiffness and uncertainty using micropost geometry and estimates of material constants, these measurements result in uncertainties that are significantly larger than those achieved with our technique of cantilever calibration. To demonstrate this variation, we calculate micropost stiffness and uncertainty using the geometry-based method. Tall, slender microposts are treated as linear springs and the stiffness (K p ) can be estimated based on the geometry of the force posts and material properties of PDMS by Euler-Bernoulli beam equation
where E is the Young's modulus and D and L are the diameter and length of a micropost. We assume 5% lithography uncertainty for the diameter (5 mm) and length (10 mm) and 50% uncertainty in PDMS Young's modulus (750 kPa [29] ) owing to batch to batch variation. Thus, the nominal stiffness of a micropost is 0.069 N/m but with an uncertainty of 56% [26] . For a relatively short micropost (length-to-diameter ratio ,5), the Timoshenko beam equation
is more appropriate to estimate the spring constant of microposts, where E, G, A and L are the Young's modulus, shear modulus, cross-section area and length of the micropost, respectively [30] . In the same way, the stiffness of 10 mm long micropost with E ¼ 750 kPa and G ¼ 250 kPa [31] is calculated as 0.060 N/m with an uncertainty of 62%. The higher uncertainty of the Timoshenko model is owing to its consideration of both bending and shearing effects. From uncertainty analysis, one expects large design uncertainties with these theoretical models. Further complicating accurate force measurements from microposts, these beam equations provide reasonable approximations only for small deformations while the mechanical properties of PDMS also widely vary with fabrication conditions. Instead, we recommend a physical calibration of microposts to deliver accurate cellular force measurements. For comparison, we propagate errors in our measurement method to calculate the uncertainty in the calibrated forces extracted from our CM data. The measured displacement sensitivity of the calibration system was 0.088 V/mm with standard deviation of 10.3%. By assuming 0.5 mm uncertainty of lithography for l and w and 0.15 mm wafer manufacturing deviation for t, the stiffness cantilever (K c ) is 0.048 N/m with an uncertainty of 2.7%. The force sensitivity of the system is 1.81 V/mN, while uncertainty in the cantilever stiffness and resolution of the measurement method result in a total uncertainty of 10.7% based on a root mean sum of squares method [26] .
The stiffness of the 10 and 12 mm long microposts (n ¼ 40) was calibrated using the calibration system shown in Fig. 2 . In the measurement of pushing microposts with a piezoresistive cantilever, the linear regression slope of voltage-displacement curve was 0.050 V/mm with standard deviation of 8% in the 10 mm long microposts and 0.041 V/mm with standard deviation of 10.2% in the 12 mm long microposts. We then extracted a total stiffness (K t ), which is the series stiffness of both the cantilever and micropost stiffnesses from the force sensitivity of the cantilever and the voltage-displacement slopes. We obtained a total stiffness (K t ) of 0.028 N/m with an uncertainty of 13.3% for 10 mm microposts and 0.023 N/m with an uncertainty of 14.8% for 12 mm microposts. From (2), the micropost stiffness (K p ) of 10 mm long microposts resulted in 0.065 N/m with an uncertainty of 31.3%, while 12 mm long microposts resulted in 0.043 N/m with an uncertainty of 28% (Fig. 3c) . Additionally, for the relatively short microposts, our displacement measurements could be subject to offset errors due to compressive cross-sectional deformation. To estimate this contribution, we analysed the cross-sectional deformation of a 5 mm diameter and 10 mm long micropost on an elastic base using FEA. The change in micropost circularity at large displacements (4 mm) was approximately 12%. Since average displacements produced by CM beating range from 0.8 to 1 mm, the offset errors due to cross-sectional deformations are small.
The uncertainty of micropost stiffness mainly arises from cantilever stiffness (K c ) error and total stiffness (K t ) error. The two errors combined with (2) result in the 30% uncertainty in micropost stiffness. However, the uncertainty of the micropost array is less than that from design uncertainty without calibration (56% for Euler -Bernoulli bean equation and 62% for Timoshenko beam equation) and provides reasonable accuracy for measuring nanoNewton forces that are typically generated by cell contraction. Our microposts were fabricated in a single batch process, however, since PDMS properties have large batch to batch variation, we recommend repeating calibration with every new batch of posts.
For comparison, we also compared our force -displacement plots using theoretical models, FEA and physical calibration; this comparison also allows us to estimate a modulus for the PDMS in our studies. While the Young's modulus has not been reported for PDMS with the same conditions as this work, reported values range from 0.5 to 4 MPa depending on curing time and temperature [19, 20, 29, 32] . The force -displacement plots from FEA for both 10 and 12 mm long microposts agree well with physical calibration when the Young's modulus is 1.03 MPa. However, we see discrepancies between theoretical models and physical calibration (Figs. 4c and d) which are not surprising. From FEA, we also observe substrate warping owing to stress concentrations at the root of the micropost (Fig. 4b) ; this is consistent with prior observations [33] and reinforces the need for calibration.
Seven days after seeding the cells, we measure contractile forces of the rat neonatal CMs on top of 12 mm long micropost arrays. We observe cells using an inverted Leica microscope with a 40× objective. CMs suspended in media are around 20 mm diameter and cover only a few microposts when they are seeded. After 7 days, they have spread to cover five times their initial area. With 86 nm/0.5 pixel displacement resolution, the micropost array is capable of measuring forces down to 4 nN. Recorded video clips for three individual CMs were computed using the image processing program (see Section 2). The vector plots in Figs. 5a and b show representative video frames, while a CM was in a relaxed state and observed peak contraction. The average contractile force per post, 39 + 5 nN (n ¼ 3), was similar to adult Wistar rat CMs measured using micropost arrays [16] (see Fig. 5c ). In Fig. 5c , the total forces projected into two halves along the principle axis represent axial contractile forces. The axial contractile force integration yields peak axial forces of 189 + 20 nN (n ¼ 3). This neonatal rat CM axial contractile force is about four times smaller than that reported for adult Wistar rat CMs in [6] and 30 times smaller than adult rat CMs reported in [10] .
Our uncertainty analysis of the measurement system suggests offset errors between absolute forces and observed forces of approximately 30%. However, the precision or standard deviation on data obtained from the same arrays is much smaller as the measurement uncertainty analysis includes many systematic offset errors that of fixed magnitudes. Thus, we observe standard deviations of 12.8% in average contractile force/post data and 10.6% in integrated axial contractile forces.
Conclusion:
We demonstrated the quantitative contractile force measurements of rat neonatal CMs using calibrated PDMS micropost arrays. The stiffness of the PDMS microposts (10 mm long micropost: 0.065 N/m and 12 mm long micropost: 0.043 N/m) was calibrated by the piezoresistive force sensor-microscope system. The uncertainty of calibrated microposts was analysed by a root mean sum of squares method. Comparison of calibrated microposts to FEA results is used to estimate a Young's modulus of 1.03 MPa for our PDMS. With automated image processing analysis, the micropost arrays are capable of measuring forces as small as 4 nN. After 7 days of culturing CMs on ECM-coated micropost arrays, we recorded video clips of spontaneously beating CMs under an inverted microscope. By post-processing 
